Rationale-Recent evidence indicates that histone deacetylase enzymes (HDACs) contribute to ischemia re-perfusion (I/R) injury, and pan-HDAC inhibitors have been shown to be cardioprotective when administered either before an ischemic insult or during reperfusion. We have shown previously that selective inhibition of class I HDACs provides superior cardioprotection when compared to pan-HDAC inhibition in a pretreatment model, but selective class I HDAC inhibition has not been tested during reperfusion, and specific targets of class I HDACs in I/R injury have not been identified.
Introduction
Lysine acetylation is a reversible post-translational protein modification that occurs on a multitude of proteins and regulates vital cellular processes including metabolism [1] [2] [3] , cell cycle regulation [4, 5] , chromatin remodeling [6, 7] , nuclear transport [4, [8] [9] [10] , and autophagy [11] [12] [13] [14] , among others. It was initially proposed [15] , and later confirmed that acetylation of histone tails regulates gene expression by loosening chromatin compaction and allowing transcription factors to bind DNA [16] . Eventually, non-histone protein acetylation was also discovered, starting with p53 [17] and expanding to non-histone proteins throughout the cell [18] . As the field has expanded, it has come to be appreciated that the acetylation state of non-histone proteins and enzymes can dramatically affect characteristics of the acetylated proteins, including protein stability [19, 20] , enzymatic activity [21, 22] , DNA binding [23] , and intracellular localization [24] . These changes in protein characteristics can have a profound effect on cellular processes, including those determining the fate of cells subjected to injury.
Lysine acetylation occurs via the addition of an acetyl group to the ε-amino moiety of lysine residues in a reaction catalyzed by histone acetyltransferases (HATs). The removal of acetyl groups, termed deacetylation, is achieved by histone deacetylases (HDACs). HDACs consist of 4 classes, delineated based on their similarity to histone deacetylase enzymes in yeast. HDACs 1, 2, 3, and 8 comprise the class I HDACs. Class II HDACs are subgrouped into class IIa (HDACs 4, 5, 7, and 9), and class IIb HDACs (HDACs 6 and 10). Class III HDACs are the sirtuin family, differentiated from the other classes because they use NAD + as a cofactor. HDAC11 is the sole known class IV HDAC. In the last two decades, the function of HDACs and their promise as a treatment target in cardiovascular disease has become a topic of great interest in cardiovascular research [25, 26] . Accordingly, the pharmacological inhibition of HDAC activity has been shown to be beneficial in animal models of multiple cardiac pathologies, though these discoveries have yet to be translated to the clinic.
Importantly, we demonstrated that the selective inhibition of class I HDACs was more effective than pan-HDAC inhibition in preserving myocardial viability and function in the setting of I/R injury. Recently, pan-HDAC inhibition solely during the reperfusion phase of I/R injury was shown to preserve myocardial function in multiple animal models, although the exact mechanisms behind this cardioprotection have yet to be fully elucidated [32, 33] .
Here, we utilized a Langendorffisolated heart model to test the hypothesis that selective pharmacological class I HDAC inhibition during the reperfusion phase alone would confer cardioprotection from I/R injury. In doing so, we discovered that HDAC1 localizes to the mitochondria of cardiac myocytes and modifies oxidative metabolism, contributing to ROS production and mitochondrial injury in the re-perfusion phase of I/R injury.
Methods

Langendorffheart isolation
Rats weighing 300-400 g (Harlan, Frederick MD) were cared for in accordance with the National Institutes of Health (NIH) guidelines and those of the Institutional Animal Care and Use Committee (IACUC) of the Medical University of South Carolina. Rats were anesthetized with ketamine/xylazine (85/15 mg/kg) via intraperitoneal injection. Following confirmation of anesthesia, rats were tracheotomized with a 16 g catheter and ventilated with 8 mL/kg/min room air at a rate of 70 strokes/min with a rodent ventilator. 1000 U/kg heparin was administered into the jugular vein and allowed to circulate for 30 s prior to thoracotomy. Midsternal thoracotomy was performed to expose the heart, followed by in situ cannulation of the aorta. The hearts were removed and immediately attached to a non-recirculating Langendorff constant pressure perfusion apparatus. Hearts were perfused with oxygenated (95% O 2 + 5% CO 2 ) modified Krebs Henseleit buffer (in mM: 112 NaCl, 5 KCl, 1.2 MgSO 4 , 1 K 2 HPO 4 , 1.25 CaCl 2 , 25 NaHCO 3 , 11 D-glucose, 0.2 octanoic acid, pH = 7.4) maintained at 37.4 °C through the use of custom crafted water-jacketed glassware.
Left ventricular functional assessment
A saline filled balloon attached to a pressure transducer was inserted into the left ventricle and set to a minimum diastolic pressure of 10 mm Hg to allow for real time monitoring of left ventricular function. The pressure transducer was attached to a PowerLab 8/30 analog to digital converter and to a computer running LabChart Pro software (ADInstruments, Colorado Springs CO). This allowed the direct measurement of heart rate, systolic pressure, diastolic pressure, dP/dt max and −dP/dt max . Developed pressure was calculated as the difference between maximum systolic and minimum diastolic pressures. Rate pressure product was calculated as the product of the heart rate and the developed pressure. Coronary flow was continuously measured via an inline flow meter (Transonic Systems, Ithica NY).
−80 °C until firm but not frozen, then sliced into 2 mm sections. Slices were then either used for infarct staining or flash frozen in liquid nitrogen and stored at −80 °C.
Infarct staining
Triphenyl Tetrazolium Chloride (TTC) was used to stain for area of infarction at the termination of the I/R experiments, using the method of Ferrera et al. [34] . One slice from each heart was incubated in 1% TTC at 37.4 °C for 20 min, then fixed in 10% formalin solution overnight. Slices were photographed and analyzed for infarct area using imageJ software. Infarct size was reported as a percent of total left ventricular area.
Mitochondrial isolation and proteinase K digestion
Mitochondria were isolated from rat ventricular cardiac tissue by differential centrifugation, as described previously [35] . Briefly, hearts were excised from rats, the atria were removed, and the ventricles were minced in ice-cold mitochondrial isolation medium (in mM: 220 mannitol, 75 sucrose, 5 MOPS, 0.5 EGTA, 2 taurine, pH 7.25). The minced tissue was then homogenized by polytron. Trypsin was added to the homogenate (1 mg/100 mg wet tissue) for 5 min to digest contractile proteins, and 0.2% BSA was added to stop the digestion. Homogenates were then centrifuged at 600g for 10 min at 4 °C. The supernatant was removed and re-centrifuged at 600g for 10 min at 4 °C. The supernatant was again removed, and centrifuged at 5500g for 15 min. The pellet was then re-suspended in buffer B (in mM: 137 KCl, 2 KH 2 PO 4 , 2.5 MgCl 2 , 20 HEPES, 0.5 EGTA). This procedure was also used for isolation of skeletal muscle mitochondria. For isolation of liver mitochondria, the trypsin digestion was omitted. For western blotting, antibodies against HDAC1 (Santa Cruz sc-6298, Abcam 53091), HDAC2 (Santa Cruz sc-7899), HDAC3 (Santa Cruz sc-11417), HDAC8 (Santa Cruz sc-11,405), α/β-tubulin (Cell Signaling 2148) and histone H3 (Cell Signaling 9715) were used. Proteinase K digestion was performed according to standard protocols [36] . Isolated mitochondria (100 μg per sample) were re-suspended in buffer B or buffer B containing 2% triton-X100. Mitochondria were then incubated in the presence of 50 μg/mL proteinase K (Qiagen, Germantown, MD) for 0, 20, 40 or 60 min at 37 °C. Following digestion, samples were immediately boiled in SDS and processed for western blotting with HDAC1, HDAC2, and ACAA2 (Santa Cruz sc-100847).
Myocyte isolation and immunofluorescence staining
Rats were anesthetized using 5% isoflurane, subjected to midsternal thoracotomy and removal of the heart. The hearts were then cannulated and attached to a perfusion apparatus, flushed with 37 °C perfusate (in mM: 113 NaCl, 4.7 KCl, 0.6 KH2PO4, 0.6 Na2HPO4, 1.2 MgSO4, 12 NaHCO3, 10 KHCO3, 10 HEPES, 0.1 adenosine, 0.1 gadolinium chloride, 6.4 sodium pyruvate, 30 taurine, 10 2,3-butanedione monoxime (BDM)) and perfused with recirculating digestion medium (0.1 mg/mL Liberase TH, 0.1 mg/mL trypsin, 12.5 mM CaCl in perfusion medium) for 25 min. Following digestion, hearts were removed from perfusion apparatus and minced in perfusion buffer containing 30% BSA to halt the digestion. Samples were then pipetted up and down three times using a 25 mL serological pipette and allowed to settle 3 min. The supernatant was removed and transferred to a 15 cm culture dish, and the pellet was resuspended in 25 mL perfusion buffer containing 15% BSA, pipetted up and down three times and allowed to settle for 3 min. The supernatant was removed and added to the previous supernatant. This process was repeated 3 more times, while monitoring for myocyte quality. Calcium was then reintroduced to a final concentration of 1.8 mM in 6 additions, with a 5 min rest between each addition. Finally, cells were transferred to 50 mL conical and allowed to settle for 15 min. For fibroblast isolation, the supernatant was then removed, plated, and allowed to settle for 4 h before washing and switching to fibroblast specific medium. For myocyte isolation, the pellet was resuspended in MEM containing 6 mM NaHCO3, 5 mM BDM, penicillin, and 1× insulintransferrin-selenium (ThermoFisher, Grand Island NY) and plated on laminin coated coverslips. The following day, cells were fixed in 3.7% formaldehyde for 15 min, permeabilized in 0.5% triton-x100 for 5 min, and blocked for 1 h in 10% normal donkey serum. HDAC1 and ACAA2 primary antibodies were used for immunostaining, followed by Alexafluor 488 and Alexafluor 555 secondary antibodies. ProlongGold antifade mounting medium with DAPI (ThermoFisher, Grand Island NY) was used for mounting, and the cells were imaged by confocal microscopy.
Synthesis of 2-(4-((2-
6-amino-3-iminio-3H-xanthen-9-yl)benzamido) methyl)benzamido) benzenaminium 2,2,2-trifluoroacetate (LL66) 4-(aminomethyl)benzoic acid (755 mg, 5 mmol) was dissolved in 15 mL 1 mol/L NaOH aqueous solution, to which was added 1308 mg Boc 2 O and 2 mL THF. The mixture was stirred overnight and THF condensed under vacuum. The residue was acidification by diluted hydrochloric acid and the resulting white solid was filtered to yield Boc-protected intermediate. The Boc-protected compound, 1925 mg TBTU and 1 mL TEA were dissolved in 50 mL DCM. 30 min later, 1,2-diaminobenzene (650 mg, 6 mM) was added and the mixture was allowed to stir at room temperature overnight. Volatiles were removed under vacuum, the residue was recrystallized by ethyl estate and hexane to yield a white solid. This was dissolved in 10 mL mixed solution of DCM and TFA [1, 1] , the solution was stirred at room temperature for 1 h. The volatiles were evaporated under vacuum to afford a color less oil. 110 mg oil was dissolved in 5 mL DMF then 193 mg N, N-Diisopropylethylamine and 114 mg Rhodamine 110 chloride was added. After the reaction finished, 30 mL water was added and the mixed solution was extracted by ethyl estate. The organic phase was dried by MgSO 4 and evaporated under vacuum. The crude residue was purified on C18 reverse phase columns eluted with acetonitrile and water (containing 0.2% TFA) to yield the pure product.
Synthesis of 9-(2-((4-((2-aminophenyl)carbamoyl)benzyl)carbamoyl) phenyl)-9H-xanthene-3,6-diyl diacetate (LL224)
4-(aminomethyl)benzoic acid (755 mg, 5 mmol) was dissolved in 15 mL 1 mol/L NaOH aqueous solution, to which was added 1308 mg Boc 2 O and 2 mL THF. The mixture was stirred overnight and THF condensed under vacuum. The residue was acidification by diluted hydrochloric acid and the resulting white solid was filtered to yield Boc-protected intermediate. The Boc-protected compound, 1925 mg TBTU and 1 mL TEA were dissolved in 50 mL DCM. 30 min later, 1,2-diaminobenzene (650 mg, 6 mM) was added and the mixture was allowed to stir at room temperature overnight. Volatiles were removed under vacuum, the residue was recrystallized by ethyl estate and hexane to yield a white solid. This was dissolved in 10 mL mixed solution of DCM and TFA (1:1), the solution was stirred at room temperature for 1 h. The volatiles were evaporated under vacuum to afford a colorless oil. 209 mg dihydrofluorescein diacetate was dissolved in 2 mL DMF, followed by the addition of 175 mg TBTU and 0.1 mL TEA. 30 min later, 200 mg colorless oil obtained from last step and 0.1 mL TEA was added. After the reaction finished, 30 mL water was added and the mixed solution was extracted by ethyl estate. The organic phase was dried by MgSO 4 and evaporated under vacuum. The crude residue was purified on C18 reverse phase columns eluted with acetonitrile and water to yield the pure product.
HDAC activity assays
HDAC activity was assayed in 5 μg of total rat heart lysate and 5 μg rat heart mitochondrial homogenates using the acetylated lysine aminomethyl-coumarin-Boc substrate, which is a substrate for class I and class IIb HDCACs but not class IIa or class IV HDACs [37, 38] . HDAC6 activity was inhibited using 1μM Tubastatin A. Class I HDAC activity was assessed by comparing 1μM Tubastatin A inhibited activity with the 1μM Tubastatin A plus 5 μM MS-275 inhibited activity. The resulting inhibitor-enzyme solution was pre-incubated at 30 °C for 5 min. The activity assay was initiated with the addition of 100 μM (final concentration) acetylated lysine aminomethyl-coumarin-Boc substrate in HDAC buffer solution added and the resulting solution further incubated for 2 h at 30 °C. A developer solution containing 5 mg/mL trypsin protease and 1 mM Trichostain A was added to quench the deacetylation reaction. The resulting fluorescence which correlates to deacetylated substrates was read at 360(Ex)/460(Em) using a Tecan Infinity M200 Pro plate reader. Data were normalized to a standard curve of coumarin fluorescence.
Simulated hypoxia-reoxygenation and assay of metabolic activity in cardiac myocytes
Hypoxia-reoxygenation was simulated chemically using cyanide, as has been described by Nishimura et al. [39] . Cardiac myocytes were isolated and cultured overnight. The following morning cells were incubated in RS buffer (in mM: 1.8 CaCl 2 , 0.6 MgCl 2 , 0.5 KH 2 PO 4 , 5.33 KCl, 0.5 Na 2 HPO 4 , 130 NaCl, 4 glutamine, 1 pyruvate, 100 nM insulin, and 1% BSA; supplemented with 1× MEM Non-Essential Amino Acids, 1× MEM Amino Acids and 1× MEM Vitamins (Gibco)) containing 2.5 mM potassium cyanide (simulated ischemia) or RS buffer alone (normoxia) for 90 min. Following the simulated ischemic period, cells were washed three times in PBS, then incubated in RS buffer with either DMSO, 10 nM MS-275, or 10 nM LL-66 for 60 min to simulate re-perfusion. At the end of the simulated reperfusion period, plates were loaded into a Seahorse XF96 Extracellular Flux analyzer, and OCR measurements were taken over six cycles (2 min mixing, 3 min measuring per cycle). Prior to the seventh cycle, FCCP was added to a final concentration of 1 μM, and measurements were taken for four more cycles. After the 10th cycle, Antimycin D and rotenone were added, both to a final concentration of 1 μM, and the final four measurements were taken.
SDHA activity assay
The specific enzymatic activity (Unit/mg of protein) of succinate dehydrogenase (mitochondrial OXPHOX complexes II) was measured by spectrophotometry at 37 °C in rat ventricular homogenates from hearts subjected to I/R injury ± MS-275, LL-66, or LL-224 with a protocol adapted from [40, 41] . Briefly, heart ventricles were minced in ice-cold mitochondrial resuspension buffer (280 mM sucrose and 10 mM Tris, pH 7.25). The minced tissue was then homogenized by polytron. Homogenates were centrifuged at 600g for 10 min at 4 °C. The supernatant was collected and samples stored in ice. Succinate dehydrogenase activity was measured by following the reduction of 2,6-dichlorophenolindophenol (DCPIP), at 600 nm in measurement buffer (in mM 100 KH 2 PO 4 , 10 KCN, 500 disodium succinate, 20 Phenazine methosulfate, 40 Thenoyltrifluoroacetone). the reaction was initiated by adding 500 mM of dichlorophenolindophenol. Malonate was used to test the effect of a competitive inhibitor of succinate on the activity of the enzyme. Therefore, the specificity of our measurements.
Co-immunoprecipitation
Heart ventricles were minced in 1× ice-cold lysis buffer (Cell Signaling 9803). The minced tissue was then homogenized by polytron. Homogenates were then centrifuged at 600g for 10 min at 4 °C. The supernatant was collected and kept in ice. 
Oxyblot
An Oxyblot Oxidized Protein Detection Kit (EMD Millipore, Billerica MA) was used to assess the degree of oxidative damage in response to I/R injury ± HDAC inhibition. Frozen Langendorff heart samples were homogenized in lysis buffer with 50 mM DTT. From each sample, 20 μg of protein were then incubated for 15 min in 2,4-dinitrophenylhy-drazine (DNPH) reagent to derivitize the carbonyl groups of oxidized proteins. Samples were then neutralized, subjected to SDS-PAGE, and western blotting was performed using an anti-DNP primary antibody. Quantitation of results was performed using ImageJ.
Statistics
For all comparative experiments, either Students t-tests or ANOVA were performed, as indicated. For ANOVA analyses, Bonferroni or Dunnet's post-tests were applied.
Results
Inhibition of class I HDAC activity at reperfusion preserves left ventricular function and viable myocardium post I/R-injury ex vivo
To test whether selective class I HDAC inhibition can postcondition the heart against I/R injury, we isolated hearts from Sprague-Dawley rats and perfused them using a constant pressure Langendorff apparatus. After 15 min of equilibration, we subjected the hearts to 30 min of ischemia, followed by 60 min of reperfusion. The selective class I HDAC inhibitor MS-275 was administered throughout the reperfusion phase and compared to drug-free control hearts (Fig. 1A) . In order to measure left ventricular functional performance, a saline-filled balloon was inserted into the left ventricle and attached to a pressure transducer. We observed a significant preservation of multiple parameters of ventricular function with class I HDAC inhibition during reperfusion alone; including the rate of pressure generation (dP/dt max ), rate of pressure relaxation (−dP/dt max ), developed pressure and rate pressure product (Fig. 1B) . At the conclusion of the 60 min reperfusion period, hearts were removed from the perfusion column and sliced into 2 mm transverse sections using a tissue slicing matrix. Hearts were then incubated in 2,3,5-triphenyltetrazolium chloride (TTC) in order to determine the amount of infarcted myocardium. MS-275 significantly reduced infarct area when compared to control hearts (Fig. 1C) .
HDAC1 is present in the mitochondria of normal rat ventricular cardiac tissue
Given the very short timeframe (60 min) within which selective class I HDAC inhibition attenuated reperfusion injury, we decided to focus on examining the non-transcriptional effects of class I HDAC activity in I/R injury. Since mitochondria play a prominent role in early cell death signaling, and acetylation regulates metabolic pathways, we decided to investigate the possibility that class I HDACs either directly or indirectly modify the acetylation of mitochondrial proteins, thus altering the mitochondrial response to I/R injury.
To do this, mitochondria were isolated from mouse hearts and subjected to a class I HDAC activity assay. As expected the total cardiac lysates have robust HDAC activity ( Fig. 2A) . In this assay the difference between no inhibitor and treatment with the class IIb HDAC inhibitor tubastatin A reveals HDAC6 activity. The difference between Tubastatin A treatment and Tubastatin A plus MS-275 shows class I HDAC activity. Surprisingly, about 15% of the total class I HDAC activity found in cardiac tissue lysates was detected in the mitochondrial samples. To determine which class I HDACs were present in rat mitochondrial isolates, Western blotting was performed for each class I HDAC. HDAC1 and HDAC2 were both detected in the mitochondrial isolates, while HDAC3 and HDAC8 were not (Fig. 2B) . To further interrogate the localization of HDAC1 and HDAC2, rat mitochondrial isolates were subjected to proteinase K digestion. HDAC1 was still detected after 60 min of proteinase K digestion, supporting its presence within the mitochondria, while HDAC2 was rapidly digested, suggesting that it associates with the outer mitochondrial membrane. ACAA2, the final enzyme in the fatty acid β-oxidation pathway, was used as a marker for the mitochondrial matrix. Addition of triton-X100 to disrupt mitochondrial membranes demonstrated that HDAC1 is susceptible to proteinase K digestion. (Fig. 2C) .
This is the first demonstration of a class I HDAC in mammalian mitochondria. Therefore, we decided to test other rat tissues to determine if mitochondrial localization of HDAC1 is widespread, restricted to muscle, or restricted to the heart. Mitochondria were isolated from rat quadriceps and liver and subjected to western blotting for HDAC1. Intriguingly, HDAC1 was detected in the mitochondrial isolate from skeletal muscle, while it was absent from the mitochondria of the liver (Fig. 2D) . 
HDAC1 localizes to the mitochondria of cardiac myocytes, but not fibroblasts or endothelial cells
In order to further characterize the distribution of HDAC1 within the heart, we subjected cardiac myocytes, fibroblasts, and endothelial cells to immunofluorescence staining for HDAC1 and the mitochondrial marker ACAA2. In the myocytes, HDAC1 was robustly detected within the nucleus, as expected. Confirming the results of our biochemical studies, HDAC1 was also detected throughout the myocyte in a pattern that closely overlaps with the mitochondrial marker ACAA2 (Fig. 2E) . Fibroblasts and endothelial cells show canonical HDAC1 localization only in the nucleus, with no HDAC1 detected in the cytoplasm or mitochondria (Fig. 2E) .
Mitochondria-targeted class I HDAC inhibition results in significant preservation of LV function and myocyte viability post-I/R injury
In order to differentiate the effects of mitochondrial HDAC activity from nuclear and cytosolic HDAC activity, we developed class I selective HDAC inhibitors that are targeted to, or excluded from, the mitochondria. To create the mitochondrial HDAC inhibitor, we conjugated a benzamide derivative (MS-275) to Rhodamine 123, a dye used to measure mitochondrial membrane potential [42] . This new inhibitor, LL-66, should concentrate many fold within respiring mitochondria and has the added advantage of direct visualization using confocal microscopy (Supplemental Fig. I ). To create an HDAC inhibitor that does not concentrate in the mitochondria, we conjugated MS-275 to dihydrofluorescein diacetate, which accumulates in the cytosol. It can enter but is not concentrated within the mitochondria. Our data confirm that LL-66 co-localizes primarily with Mitotracker Deep Red FM, demonstrating that LL-66 is selectively targeted to the mitochondria and is absent from the nucleus in isolated adult rat ventricular myocytes (Fig. 3A) and HeLa cells and that LL-224 not concentrated in the mitochondria but is primarily in the cytosol and nucleus (supplemental Fig. I ).
LL-66 and LL-224 allowed us to directly examine the role of mitochondrial HDAC1 activity in ischemia-reperfusion injury in the heart by again utilizing the Langendorff isolated heart model. Hearts were subjected to 30 min of global ischemia, followed by 60 min of reperfusion ± LL-66 or LL-224. LL-66 and LL-224 were administered at a subpharmacologic dose of 10 nM, far below their IC50 for class I HDACs (supplemental Fig.  II) . Therefore, HDAC activity would only be inhibited in the mitochondria where LL-66, but not LL-224, is concentrated. LL-66 treatment during reperfusion resulted in the same magnitude of LV functional recovery from I/R injury as the non-targeted class I HDAC inhibitor MS-275, while LL-224 showed a slight improvement in −dP/dt max , but no improvement in the other LV functional parameters (Fig. 3B) . Further, LL-66 treatment at reperfusion rescued viable myocardium to the same extent as MS-275, while LL-224 did not (Fig. 3C) . These experiments indicate that the detrimental effects of increased HDAC activity in the first hour of reperfusion injury largely occur within the mitochondria of cardiac myocytes.
Mitochondrial class I HDAC inhibition alters the metabolic response of cardiac myocytes to I/R injury
Since acetylation is known to regulate the activity of mitochondrial enzymes involved in multiple metabolic pathways, we decided to determine if class I HDAC inhibition affects metabolic activity in cardiac myocytes both at baseline and when subjected to simulated hypoxia-reoxygenation (sI/R). For these experiments, isolated adult rat cardiac myocytes were subjected to chemical hypoxia or normoxia control for 90 min, then reperfused in the presence of DMSO vehicle, MS-275, or LL-66 for 60 min. At the conclusion of the reperfusion period, myocytes were loaded into a Seahorse extracellular flux analyzer and the oxygen consumption rate (OCR) was analyzed at baseline and in response to FCCP (injection A) and antimycin D/rotenone (injection B). The presence of either HDAC inhibitor significantly decreased the maximal uncoupled OCR, both at baseline (Fig. 4A) and following sI/R (Fig. 4B ).
Mitochondrial HDAC1 modifies succinate dehydrogenase (SDHA) activity and alters ROS generation in reperfusion
Chouchani et al. recently demonstrated that succinate accumulation during ischemia, and subsequent oxidation through SDHA in reperfusion, substantially contributes to ROS release in reperfusion [43] , mediating early I/R injury. To determine if SDHA activity was affected by selective HDAC1 inhibition, we examined SDHA activity in ventricular homogenates from rat hearts subjected to I/R injury ± MS-275, LL-66 and LL-224. We found that whole cell (MS-275) and mitochondrial-selective (LL-66) HDAC inhibition resulted in a significant reduction of SDHA activity, while cytoplasmic-enriched HDAC inhibition (LL-224) did not (Fig. 5A ). Co-immunoprecipitation experiments in rat ventricular homogenates confirmed the interaction between SDHA and HDAC1 (Fig. 5B) . Further, these results correlate with a reduction of ROS burden in the presence of whole cell (MS-275) and mitochondrialenriched (LL-66) HDAC inhibition, as demonstrated by oxyblotting of ventricular homogenates subjected to I/R ± MS-275, LL-66, and LL-224 (Fig. 5C ).
Discussion
In this study, we demonstrate that class I HDAC inhibition during the reperfusion phase of I/R injury salvages viable myocardium and improves left ventricular function within the first hour of injury. This is the first report that HDAC1 is present in the adult cardiac myocyte mitochondria, and that inhibiting the activity of HDAC1 in the mitochondria alone is sufficient to provide a similar level of protection against reperfusion injury as global inhibition of HDAC1. We demonstrate that in both normal conditions and after simulated I/R injury, HDAC inhibition reduces the spare respiratory capacity of isolated cardiac myocytes, which correlates with a reduction in SDHA activity and oxidative damage during reperfusion, promoting myocyte survival.
Multiple groups, including ours, have observed that HDACs contribute to the deleterious effects of ischemia reperfusion injury in the heart [29] [30] [31] [32] [33] . However, previous studies examining the effect of HDAC inhibition as a postconditioning stimulus have focused mostly on pan-HDAC inhibitors, and on their effect late in reperfusion, 24 h or more after injury [32, 33] . Here, we demonstrate that the adverse effects of increased HDAC activity begin within the first hour of reperfusion. The beneficial effects of inhibiting HDAC activity during this period may be synergistic with, or completely separate from, the established effects of inhibiting HDACs later in reperfusion [32, 33] . More studies are needed to parse out the distinct pathways affected by HDAC inhibition at these different time points of reperfusion. Our study also demonstrates that a class-selective HDAC inhibitor is beneficial in salvaging viable myocardium when administered only during the reperfusion phase. Investigating the effects of inhibiting class I HDACs in reperfusion and comparing the results to the effects of pan-HDAC inhibition may help better define the exact pathways affected by HDAC activity during re-perfusion and aid in the design of better future therapies for reperfusion injury.
Many of the critical pathways determining the acute myocardial response to I/R injury either originate within the mitochondria or externally target the mitochondrial permeability transition pore (mPTP). Acetylation is a very important regulator of enzymatic function and protein-protein interaction in the mitochondria [1, 4, 44] . Other studies have demonstrated a potential role for mitochondrial protein acetylation in the response to I/R injury, with most studies focusing on the effects of SIRT3-mediated acetylation in I/R [45, 46] . Interestingly, recent work utilizing a Cyclophilin D knockout, a model that is resistant to ischemiareperfusion injury [47] , demonstrated increased acetylation of mitochondrial proteins [48] . Importantly, only a small percentage of the peptides identified in this study were SIRT3
substrates, leaving open the possibility of another mitochondrial deacetylase.
The work presented here is the first to report that a class I HDAC is present within the mitochondria in an adult mammalian organ. The rapidly expanding field of acetylation proteomics has identified acetylation as the major regulatory PTM driving metabolic programs within the mitochondria [1, 49, 50] ; control of which was previously thought to be solely the purview of Sirtuin 3 [51] . Here, we identify another mitochondrial deacetylase, HDAC1, which plays a critical role in regulating the metabolic response of the heart to injury. Given recent work demonstrating perturbations of the mitochondrial acetylome in heart failure [52] and other cardiac pathologies [53] , the discovery of HDAC1 as a mitochondrial deacetylase in cardiac myocytes opens up exciting new opportunities in both dissecting the mitochondrial elements of the pathogenesis of these diseases and designing new cardiovascular therapeutics.
The inhibition of mitochondrial HDAC1 using whole cell (MS-275) or mitochondrialtargeted (LL-66) HDAC inhibitors resulted in improved functional recovery and greater tissue viability following I/R injury, compared to control hearts or hearts subjected to a cytoplasmic-targeted HDAC inhibitor (LL-224) (Fig. 3) . These data indicate that mitochondrial HDAC1 activity has a deleterious effect on functional recovery of the heart during reperfusion injury. The IC 50 of MS-275 for HDAC1 is ~200 nM [54] , while the IC 50 of LL-66 and LL-224 for HDAC1 are 3286 nM and 211.6 nM, respectively (Supplemental Fig. 1 ). Both LL-66 and LL-224 are administered to the hearts at 10 nM, well below their respective IC 50 . Although we did not recognize it at the beginning of these studies MS-275 is a hydrophobic cationic molecule, which would be accumulated in the mitochondrial matrix by the mitochondrial membrane potential Δψ. This allowed us show that it was also efficacious at a sub-pharmacologic dose of 10 nM. The fact that LL-66 has similar effects as MS-275, despite having a much higher IC 50 than MS-275, supports the hypothesis that both are substantially accumulated in the mitochondria and inhibition of mitochondrial HDAC1 confers protection against I/R injury. LL-66 is concentrated in the mitochondria by Δψ so it will not be concentrated sufficiently to inhibit HDAC1 in mitochondria that are severely impaired or damaged following reperfusion. This may actually work in the favor of inhibiting HDAC1 activity only in those mitochondria which are capable of rescue. The role of mitochondrial HDAC1 inhibition in conferring protection from I/R is also supported by our data utilizing LL-224. LL-224 has a similar IC 50 as MS-275, and much lower than LL-66. But LL-224 is not accumulated in the mitochondria and is largely restricted to the cytoplasm and nucleus (Supplemental Fig. 1 ). Therefore, our data demonstrating, that LL-224 does not confer protection whereas LL-66 and MS-275 do, suggests that only mitochondrial and not cytoplasmic and nuclear HDAC1 inhibition is sufficient to protect the heart from I/R. injury.
We further demonstrate that inhibiting the activity of mitochondrial HDAC1, using either MS-275 or the mitochondria-targeted LL-66, results in a reduction in the spare respiratory capacity of adult rat ventricular cardiac myocytes, both at baseline and after simulated I/R. This important finding demonstrates that changing the deacetylase activity of HDAC1 in the myocyte mitochondria affects the maximal rate at which myocyte mitochondria are able to consume oxygen, indicating that HDAC1 may regulate the activity of metabolic enzymes.
Given the demonstrated role of SDHA in exacerbating ROS production in reperfusion and exacerbating I/R injury [43] , we examined whether SDHA is a specific target of HDAC1. Our data demonstrate that HDAC1 binds to SDHA, and that inhibition of HDAC1 with MS-275 or LL-66 in reperfusion reduce the activity of SDHA. Further, the observed decrease in maximal respiratory rate and SDHA activity in response to MS-275 or LL-66 treatment correlates with a reduction in oxidative damage during reperfusion ex vivo. This reduction in oxidative damage may promote myocyte survival by reducing the mitochondrial injury endured during early reperfusion.
Our data demonstrate a correlation between reduced oxygen consumption, decreased ROS stress, and preservation of myocyte viability post-I/R injury. This correlates with a reduction in SDHA activity, which is a known source of ROS during reperfusion. However, other undiscovered mitochondrial targets of HDAC1 may also play a role in I/R or other cardiac pathologies. Increasing evidence suggests that reduced metabolic flux through many different pathways is beneficial to the heart in reperfusion [55] . Recent work has shown that inhibiting fatty acid oxidation protects the heart from injury [56] , as does inhibition of the malate aspartate shuttle [57] , while metabolic succinate accumulation [43] sensitizes the heart to injury. Interestingly, emerging evidence demonstrates that acetylation of proteins involved in metabolic pathways acts as a powerful regulatory signal, providing a possible direct link between mitochondrial HDAC1 and the metabolic state of the cardiac myocyte. As such, further studies are needed to investigate the metabolic pathways affected by HDAC1 activity in the cardiac myocyte mitochondria in order to fully understand the pathological role of mitochondrial HDAC1 in I/R injury.
The data presented here demonstrate a previously unknown role for HDAC1 in directly modulating the mitochondrial acetylome, which results in an altered metabolic state in the reperfusion phase of I/R injury. This altered metabolism further correlates with reduced SDHA activity and reduced oxidative damage, increased viable myocardium and improved LV function post-I/R injury. Although reperfusion limits ischemic injury, the resulting oxidative stress accounts for up to 50% of the final damage from AMI [58] . The absence of any available clinical intervention to attenuate reperfusion injury with PCI or coronary angioplasty accentuates the exigency of a therapy that reduces ROS during reperfusion. This study identifies HDAC1 as a possible therapeutic target for I/R injury in the earliest hours of reperfusion.
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